Introduction
The 'special theory' of forest dynamics as articulated by Shugart (1984) has been widely applied to explain trends and patterns of forest structure and composition. This theory, based ultimately on the ideas of Watt (1947) , considers forest dynamics over a time scale of decades to centuries to be a consequence of interactions between local populations of adult trees and the environment of a small (ca. 0.1 ha) patch of ground. Thus, the essential mechanisms included are those of neighborhood competition (Mack & Harper 1977) . Differences between forest stands can be accounted for by variations in boundary conditions over time or space (e.g. disturbance history or soil conditions), or as a result of partially stochastic processes such as mortality and establishment. The theory has been embodied in simulation models of the 'gap model' type (Botkin, Janak & Wallis 1972; Shugart 1984) and successfully tested on a wide variety of forest types, including boreal forests (Bonan 1989; Prentice & Leemans 1990) .
Because gap models incorporate autogenic processes, such as local competition for light, the response of species to a gradient of site conditions can be timedependent (Smith & Huston 1989) . The physiological responses of the species to the gradient can be compared with the predicted species performance at any given time. This allows these models to predict differences between the fundamental niche and the realized niche -a fundamental issue in gradient analysis.
The purpose of this paper is to apply the 'special theory' to account for differences in species composition and size structure between sites in a boreal forest landscape in Central Sweden. Simulation exercises were carried out to elaborate hypotheses about the causes of forest compositional and structural variations observed within the study area today. The model was further used to clarify the possible role of size-selective disturbances on the accuracy of ecological calibration, and to illustrate the behavior of the major species over time in relation to a fertility gradient.
The study area and preliminary data analysis
The study area is located in a mixed-conifer forest in Tiveden National Park in South Central Sweden. The landscape consists of glacial till of variable thickness over granitic bedrock. Spruce (Picea abies) dominates in ravines with thick mineral soil and pine (Pinus sylvestris) dominates on bogs and rocky upland areas. Birch (mostly Betula pubescens with some B. pendula) and aspen (Populus tremula) are found in smaller amounts throughout. Much of the area has been periodically cut for charcoal from the 16th century through the 19th century (Back & Renstr6m 1988) .
In 1982, the National Swedish Environmental Protection Board (SNV) established a monitoring site in the western area of the park. Data on species composition and dbh of adult (>2 cm dbh) trees were collected by SNV workers for 57 10-m radius circular plots located on a grid in a 0.7 km2 rectangular area. A description of the area and analysis of these data in terms of forest and ground vegetation types may be found in Back & Renstr6m (1988) . The data were compiled into a matrix of basal area (m2/ha) of each species in 5 diameter classes (2.0-5.9 cm, 6.0-13.9 cm, 14.0-23.9 cm, 24.0-36.0 cm, >36.0 cm). Environmental data included soil texture class, soil type, mean depth of mineral soil, slope, aspect, and site moisture class. Age distributions of trees could not be collected because tree coring is prohibited in monitoring sites, but the historical information summarized in Back & Renstr6m (1988) suggests that most stands are 100-200 yr old.
A two-dimensional ordination of the 57 plots was carried out by local non-metric multidimensional scaling on the basal area/size class data (Prentice 1980; Minchin 1987 ) using the Bray-Curtis dissimilarity measure:
where dlk is the dissimilarity between plots I and k, and X,jk is the basal area of species i in size class j of plot k. Each size class of each species was treated as a separate 'species' so that the resulting ordination reflected both structural and compositional differences between plots. The Bray-Curtis measure has been recommended as a good general measure of ecological distance (Beals 1984 were found by graphical overlays, some of which are shown in Fig. 1 . The analysis showed several patterns: (1) the sites on both bogs and rocky upland sites had sparse, pinedominated forests, (2) the environmental factors most clearly related to the species composition were soil type (podsol vs. peat soil) and depth of mineral soil, and (3) the remaining variation was related to the relative distribution of basal area in the different size classes. These patterns suggested that the main controls on the forest may be related to nutrient availability and stand age. A model exercise, including plots of different nitrogen availability, is used here to test the sufficiency (cf. The first exercise was run for comparison with the field data. The protocol for data-model comparison closely resembles that described by Harrison & Shugart (1990) . First, the model was run to produce a set of stands varying in age and N-availability. The age and N-status of each of the 57 field plots was inferred by matching to the most similar model stands; a form of ecological calibration. The resulting distributions of inferred N-status and age were then compared to the available information about the field plots as a test for the adequacy of the model.
The specifics of the comparison were as follows. 20 replicate patches were run for 400 yr at each of six levels of N-availability, from 10 to 78 kg/ha/yr. Ellenberg (1971) reports N-mineralization rates of 13-79 kg /ha /yr for cold-temperate spruce forests. The diameter-class distributions (averages for the 20 replicate patches) were output every 20 yr. The Bray-Curtis similarity index was used for matching field plots with model stands. Each size class of each species was treated as a separate 'species' so that both structure and species composition were matched. The inferred age and inferred N-status of each field plot were then compared with the environmental field data using Kendall's r correlation coefficient. The distribution of inferred ages could only be informally compared to the disturbance history of the area due to the lack of precise stand histories.
Because of the indirect nature of the data-model comparisons, an additional measure of model performance was applied. The test described here was designed to determine whether the model output is more similar to the field data than to a randomly generated set of configurations. Given that the model output and the field data each comprise a subset of all 'possible' stands, one reasonable measure of model performance is to compare the data-model similarity with the similarity between the model and a random sample of 'possible' stands. The outcome of such a test is affected by the range of stands considered to be possible; the larger the range, the more significant the data-model similarity is made to appear (unless the model has no similarity to the field data at all). A fairly rigorous criterion was chosen for this study, using the limits of the field data alone. A test space was delimited between the maximum and minimum basal areas for each species in each diameter class from the field data (Fig. 2) . With 4 species and 5 diameter classes, the resulting space has 20 dimensions. 1000 samples were drawn at random from this space and the Bray-Curtis similarity to the nearest model stand was noted for each. The resulting distribution of similarities was compared with the distribution of field datamodel similarities.
The second exercise simulated the effects of partial disturbances on the development of stands. The patch descriptions from the first model exercise were retained from 100 and 200 yr. Each set of patches (at each of the six levels of N-availability) was subjected to two types of disturbance: (1) 'low-grading' where 80% of the total biomass was removed starting with the small size classes, and (2) 'high grading' where 80% of the total biomass was removed starting with the large size classes. The resulting four treatments were run for an additional 300 yr, and the diameter class distributions from every 20 yr were matched with stands from the first model exercise as in the comparison of field and model data above. One additional N-availability, 92 kg/ha/yr, was added to the first model exercise to extend the range of possible calibrations. The Bray-Curtis similarity of the disturbed stands to the nearest stand from the first exercise was noted, as well as the inferred age and N-status of the disturbed stands.
The third exercise was performed to examine the time-dependence of species' responses to the fertility gradient. 100 replicates at each of 16 levels of N-availability, from 5 to 80 kg/ha/yr, were run for 400 yr. Total basal area (m2/ha) was recorded for each species at 20 yr intervals. To further illustrate how the model distributes the species along the fertility gradient, the correlation between the values of the N-availability growth response multipliers and the basal area of each species was calculated for each recorded year.
Results

Comparison with field data
The inferred ages of the field plots were mostly from 100 to 200 yr. Inferred N-status was generally from 24 to 65 kg/ha/yr ( Table 2 ). The matched model stands from 200-380 yr were of mostly of low Nstatus. As expected, soil texture class and podsol soil type were positively correlated with the inferred Nstatus (Table 3) . Peat soil and bare rock were negatively correlated with inferred N-status, but the latter correlation was not significant. No site factors were significantly correlated with inferred age. The mean similarity of the field plots to the nearest model stand was 62.7%, compared to 56.3% for the 1000 randomly generated plots (difference significant at p < 0.001). The similarity of field plots to the nearest model stand was correlated with the inferred age (Kendall's T = 0.288, p < 0.005). Diagrams of model stands from simulated year 160 matched with field plots (Fig. 3) than the tolerance limit of spruce. This was apparently due to a close match between the size structures of pine in the model and field plot.
Partial disturbance
The response of stands to partial disturbance depended in a complex fashion on the N-status and the specific type of disturbance. The time for disturbed stands to become indistinguishable from undisturbed stands was 100-150 yr for the low grading disturbances and 50-100 yr for the high grading disturbances (Fig.  4) . The low grading disturbances produced more atypical structures and compositions, and the stands took longer to re-converge to the 'normal' course of succession. High graded stands of low N-status (< 51 kg/ha/ yr) were generally indistinguishable from undisturbed stands. The inferred age of the disturbed stands was usually lowered by disturbance, particularly high grading. For some of the more fertile stands, the inferred age was raised by low grading because this disturbance mimics the thinning of the understory characteristic of a mature stand. After re-convergence to a 'normal' stand structure, the inferred age generally increased in even steps.
Species responses to time and N-availability
Each species had different quantitative and qualitative responses to the time and N-status gradients (Fig.  5) . Spruce dominated in the fertile end of the gradient and uniformly increased with time. Pine had attained peak biomass in the middle of the gradient by the end of the simulation; it was decreasing in the fertile end. Aspen was most abundant between 100 and 200 yr in the most fertile part of the N-gradient. Birch was most abundant at about 100 yr and persisted only in the intermediate part of the gradient. The basal area of all four species was well correlated with the nitrogen growth response curves for the first 100 yr (Fig. 6) ; the correlation of the shade intolerant species began to decrease rapidly after this time. This decreased correlation was most pronounced for the N-deficiency tolerant species pine and birch; the latter species had a negative correlation by 260 yr. Prentice & Leemans (1990) predicted that directional succession would be the norm for undisturbed boreal forest, and any other forest in which narrowcrowned trees predominate. Two results presented here indicate that forest stand structures in this system also converge over time: (1) stand simulations affected by size-selective disturbances were different from the 'normal' course of succession at first, but later became indistinguishable from undisturbed stands; (2) the inferred age of the field plots was positively correlated with the similarity to the matched model stands. Adult tree interactions, if allowed to proceed uninterrupted, increasingly constrain the range of possible structures and species compositions in this system.
